Background: Predicting anopheles vectors' population densities and boundary shifts is crucial in preparing for malaria risks and unanticipated outbreaks. Although shifts in the distribution and boundaries of the major malaria vectors (Anopheles gambiae s.s. and An. arabiensis) across Africa have been predicted, quantified areas of absolute change in zone of suitability for their survival have not been defined. In this study, we have quantified areas of absolute change conducive for the establishment and survival of these vectors, per African country, under two climate change scenarios and based on our findings, highlight practical measures for effective malaria control in the face of changing climatic patterns.
Background
Efforts have been made to predict and map the potential redistribution of malaria vectors and consequently malaria transmission risk especially in the context of climate change. Such malaria risk projections invaluably may provide policy-makers with the opportunity to initiate activities for identifying vulnerable communities in a timely manner and to develop effective strategies to curtail and prevent malaria outbreaks [1, 2] . Diverse models have been used in projection studies thereby producing different malaria risk projections and corresponding shifts in future distribution and variability of malaria transmission. Most models have however, focused on key climate-based parameters such as temperature, rainfall and relative humidity as these influence the breeding, emergence and abundance of Anopheles vectors and parasite development, which is correlated with increased biting and transmission of malaria [3] [4] [5] .
Peterson [6] applied ecological niche model using Genetic Algorithm for Rule-set Prediction (GARP) [7] and predicted the potential distributional shift from west to east and west to south of Africa for An. gambiae s.s. and An. arabiensis, respectively. Within the same context [8] it has been suggested however, that Anopheles distribution range shifts are more likely to occur than range expansions. Moreover, several studies have suggested a high probability of distributional change of current regions where malaria vectors specially occur and may potentially occur in the future with climate change [3, [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Shifts in malaria transmission risk have mainly been projected on a global or continental scale with little efforts within regional or local scales (i.e., country-specific) especially in malaria disease endemic countries of Africa. Projection of future malaria risks taking into account local climatic conditions has been emphasized [15] [16] [17] . Studies of climate-malaria relationships within local scales are likely to be more useful for public health officials than broad, global-scale studies. Specifically, finer-scale analyses facilitate incorporation of local features and characteristics and may provide a greater opportunity for intervention and response, given that public health programs are typically applied at the regional or local level [18, 19] .
In an earlier study [14] , we used the software, CLI-MEX, to calibrate the current and future distributions of key malaria vectors in Africa. Using this tool, the potential geographical distribution and seasonal abundance of the species in relation to climatic factors such as temperature, rainfall and relative humidity were estimated. As such, boundary shifts of the major Africa malaria vectors, Anopheles gambiae s.s. (herein referred to as An. gambiae) and An. arabiensis were predicted southward and eastward of Africa, respectively. Malaria vector control activities appear to be country specific in Africa and continental information as presented in Tonnang et al. [14] may either be neglected or not be applicable to every country, hence a country level projection required. Climate change potential inducing shifts of these vectors may have negative impacts for human exposure to malaria, as recrudescence of the disease is likely to be recorded in several new areas within a country. It is necessary to project how each country's territory will be affected as a prerequisite to develop, compile and share malaria preventive measures, which can be adapted to different climatic scenarios. While acknowledging the impacts of climate change on the future distribution of these malaria vectors with consequent shifts in their overall ranges, the present study sought to quantify the areas of absolute change per country in Africa beyond the already projected shifts for these species.
Methods

Climate and malaria vectors data sets
The climate data used for spatial simulations (current scenario) were obtained from the Climatic Research Unit (CRU) in Norwich UK available at http://www.cru.uea.ac. uk/. The distributional records for An. gambiae and An. arabiensis used in this study were obtained from Mapping Malaria Risk in Africa (MARA) collaboration (http://www. mara.org.za/) repository of information [20] . This database contains 2,535 geo-referenced records of malaria vectors of Africa. Additional geo-reference information on malaria vectors was sourced from recent publications [21, 22] .
Climate change projections
For predicting the future potential distributions of species, CLIMEX platform incorporates the IPCC climate change scenarios. It is projected that globally average surface temperature is to increase by 1.4 to 5.8°C and a considerable change in the pattern of rainfall will occur by the year 2100 [23, 24] . Within the specified framework two projected scenarios were considered as described below:
-Scenario 1: A rise of 2°C Africa wide temperature and 10% increase of rainfall from March 2 -September 30 and 10% decrease in the rest of the year. -Scenario 2: A rise of 0.1°C in the whole year maximum and minimum temperatures per degree of latitude, and a 10% increase of rainfall from March 2-September 30 and 10% decrease in the rest of the year.
Model development
The simulation that yielded the eco-climatic index (EI) was conducted inductively with CLIMEX platform [23] . CLI-MEX makes use of the species responses to a series of stress indices (cold, hot, dry and wet) that define the species' particular environmental limits for a sustained growth and development of the population [23] . These stress indices were linearly combined to the species' growth indices to yield an EI that describes the total favourability of geographic locations for the species [14, 23] . In calibrating the malaria vectors models, the "compare locations" function was run. This function links the EI to the "match climate" function that compares the meteorological data from different places, with no reference to the preferences of An. gambiae and An. arabiensis, respectively, [14] . The malaria vector distribution shape points [14] were obtained with the following procedure: Firstly, best fitted CLIMEX parameters obtained through multiple run of the "compare location" function were used for mapping the Anopheles species under current scenario. Secondly, the "compare location" function was once again run with the best-matched CLIMEX parameters and the EI for the An. gambiae and An. arabiensis were estimated under the chosen projected scenarios. The results were then transferred to Arc-GIS v. 9.2 (ESRI) package in order to facilitate the organization, manipulation, visualization, geospatial analysis and absolute area computations.
Evaluating and quantifying the absolute range change of An. gambiae and An. arabiensis
The CLIMEX parameters values were identical to the original model calibrated and validated for An. gambiae and An. arabiensis by Tonnang et al. [14] . The eco-climatic index (EI) represented in form of maps was also similar to the results published in Tonnang et al. [14] . With ArcGIS v. 9.2 (ESRI) the shape point's outputs from CLIMEX for all scenarios (current EI and projected EI for scenarios 1 and 2) were clipped to the extent of Africa. Then, each point file was converted to a raster layer using Inverse Distance Weighted (IDW) interpolation method [25] with a cell size of 3 minutes in both longitude and latitude. The maps were reclassified ( Figure 1 ) and used as the foundation for this study. Reclassification consisted of taking input cell values and replacing them with new output cell values. It was used to simplify the interpretation of raster data by changing a single value to a new value, or grouping ranges of values into single values. The operations merely repackage existing information on a single map. The reclassified maps were converted into a polygonbased geo-referenced data set for computing areas in square kilometers (km 2 ) for the polygons. From the total polygon areas belonging to the same country, individual area was estimated. To estimate per country the absolute change of suitability, the difference in area between the Figure 1 Range shifts in the distribution of Anopheles gambiae (A, B, C) and An. arabiensis (D, E, F) using the Eco-climatic indices (EI). Indices reclassified from the original data by Tonnang et al. [14] ; (A, D), Eco-climatic indices for current climate; (B, E) and (C, F) correspond to climate change scenario 1 and 2 respectively. values of EI for each projected scenario and the current scenario was performed for An. gambiae and An. arabiensis. Further, the percentage of range shift per country was calculated by dividing the area of absolute change over the total area of vector distribution for each country obtained from the current scenario.
Results
Regions where the Eco-climatic index (EI) equals 100 indicate climate conditions where a certain proportion of the malaria vectors population is expected to survive throughout the year, representing the regions where the likelihood of establishment is highest. In zones where the EI deviates from the maximum number of 100, the likelihood of longterm survival is reduced. Based on this concept as well as referring to the actual known distributions of the species under investigation [11] ; 5 classes of EI were considered as shown in Figure Under projected scenarios 1 and 2, and for both malaria vectors, a country belonging to any class with the area equals to 0 is a territory with no range shift (Tables 1, 2, 3, 4) . A negative value of an area signifies that a reduction of the area size will occur, whereas a positive value indicates an increment.
For An. gambiae, and with the two projected scenarios, Classes 1 and 2 display similar trend of the results with good number of the countries having either, 0 or negative area (Tables 1 and 2 ). An approximation of 851,087 km 2 reduction in area is estimated for Class 5 under scenario 2. Overall, the results show that if the climate changes according to scenario 1, An. gambiae will most likely expand its range from zones of no and low suitability into zones of sequential; high risk of permanent establishment and long-term survival. The African countries to be affected under this scenario include Angola, Burundi, Comoros, Ethiopia, Kenya, Malawi, Mali, South Africa, Tanzania and Zambia (Table 1) . Under climate change scenario 2, An. gambiae will possibly concentrate its distribution in areas with sequential and high risk of permanent establishment. Angola, Cameroon, Ethiopia, Guinea, Mozambique, Niger, Sierra Leone, South Africa, Uganda, Zambia and Zimbabwe are the countries predicted to be prone to a 50% total country area shift from no and low survival into areas of sequential and high risk of permanent establishment of An. gambiae (Table 2) .
Results for An. arabiensis under projected scenarios 1 and 2 are presented in Tables 3 and 4 , respectively. Under the first climate change scenario ( (Table 3) . Area increases were predicted in these countries belonging to Classes 3 and 4 under climate change scenario 1. In contrast with climate change scenario 2, majority of area shifts will converge in zones with very little suitability for survival of An. Arabiensis (Table 4) .
Figures 2 and 3 represent the summary of absolute change in area per country for An. gambiae and An. arabiensis, respectively. A bar graph was used to illustrate visually and display the amounts of absolute change of area. The display allows us to compare levels of suitability for the Anopheles species, and to quickly make generalizations about possible change of ranges with changing climate. The height of a bar indicates the proportion of area that is increasing or decreasing. A bar displayed on the positive plane of the axes represents an increasing area where as a reverse bar represents a decreasing area. Such quantitative chart maps are useful for decision-making, they easily guide on the identification of countries with high risk of permanent establishment of malaria vectors due to potential change in climate. Overall, the proportion of areas that is increasing or decreasing in level of survival for malaria vectors is more pronounced in eastern and southern African countries than in western African countries. Angola, Ethiopia, Kenya, Mozambique, Tanzania, South Africa and Zambia appear most likely to be affected in terms of absolute change of malaria vectors suitability zones under the selected climate change scenarios.
Discussion
The importance of projecting the future spread of malaria under various climate change scenarios cannot be overemphasized as it helps policy-makers to identify vulnerable communities and to better manage malaria epidemics. In such projections, various climate models have been applied producing different climate changes and correspondingly shift the future distribution and variability of malaria transmission. However, planning and adapting to the projected boundary shifts of malaria vectors under changing climate, necessitates innovative approaches.
We provide an improved measure of malaria risk projections by defining geographical locations favourable for the malaria vectors establishment and survival. We define areas likely to become more suitable for transmission of malaria owing to suitable areas for the vectors promoting parasite survival and transmission by vector. Survival of the vectors from year-to-year is a prerequisite for malaria endemicity and remains a key component in the epidemiology and spread of the disease. Our predictions take into account the differential impact of climate change on the dynamics of these key malaria vectors as dictated by their individual dynamics and life cycle parameters which obviously impart differently on the patterns and spread of malaria. Within the African setting, the suitability for malaria transmission has been projected to change by varying degrees and directions over much of the Sahel, eastern and southern Africa [9, 11] . The population at risk has been projected to decrease across West Africa and the Sahel because of a drier climate, [6, 18] but to increase in both East and South Africa [6, 26] . In the same light, an earlier study [14] predicted likely shifts in the boundaries of An. gambiae and An. arabiensis southwards and eastwards of Africa, respectively, rather than jumps into quite different climatic environments. Animated by the need for local level-based malaria risk projections, this study represents advancement in our ability to predict future malaria trends especially at the country level. Our results illustrate the amounts of absolute change of area per country that allows us to compare levels of suitability for the Anopheles species, and to quickly make generalizations about possible change of ranges with changing climate.
Predicted areas in terms of absolute change for suitability or establishment of both vectors vary under the two climate scenarios (1 and 2) considered. This finding indicates that the susceptibility in their distribution is dictated by variable climatic patterns notably temperature, rainfall and humidity. These species are known to live in sympatry although adaptive preference in ecology for these species has been highlighted with An. gambiae preferring wet and humid zones, and An. arabiensis drier climates [27] . An added biological complexity is that there are distinct chromosomal forms of An. gambiae with distinct climatic preferences [28] although there is not enough available data to separately map these forms. Given that the greatest effect of climate change on transmission is likely to be observed at the extremes of temperature ranges [3] , it was surprising that under scenario 1, adaptation to areas of long term survival (class 5) was evident for An. gambiae but not for An. arabiensis. Therefore, the combined effect of temporal and spatial changes in temperature, precipitation and humidity are expected to occur under different climate change scenarios which will affect the biology and ecology of vectors and intermediate hosts and consequently the risk of disease transmission [3] . The changed area of establishment is likely to be affected by intensity of vector control efforts and health infrastructure. For example, following long term use of IRS and ITNs, there has been a proportionate increase in An. arabiensis compared to its closely related sibling species An. gambiae s.s in East Africa [29, 30] , as this species is less susceptible to the indoor control strategies because of its plastic and more exophilic tendencies.
We have presented a country-based projection of malaria transmission under different climate change scenarios with key parameters -temperature, rainfall and humidity. Although we do not assert that climate alone is the main determinant factor for Anopheles species existence, it is the only factor with available country data that provides an initial estimate of the potential range of Anopheles species. The present study should rather be seen as an illustration of the substantial influence, which the direct effects of climate change may represent to malaria vectors redistribution within each African country. The results presented here should be interpreted as an indication of the sensitivity of malaria vectors to climatic changes, particularly temperature rise. More elaborate future risk assessments of climate change on malaria vectors in Africa will ultimately need to include the ecology and behavior of the host and vector, non-climatic factors such as gross domestic product (GDP), future population growth Values were obtained by subtracting the Eco-climatic index (EI) estimates for future An. gambiae distribution from projected scenario 2 criteria to the EI estimates obtained under current climate for each country. Percentages (%) were calculated by dividing each absolute area change to the current area value per country. and migration, socioeconomic status, urbanization and malaria control status and vector in each country.
Recommendations
The overall outcome of the study has led to recommendations in form of best practices which if put in place could help in preventing malaria under a changing climate context. The proposed guidelines highlight potential actions and suggestions for mitigating the negative impact of climate change on malaria risk in Africa, which can be extended to other vector borne diseases.
Technical innovation
A combined application of computing technology, telephone networks, geographical information system (GIS) and other technologies can be invaluable in the development of computerized tools for use at local, regional and continental levels for effective management of malaria. These tools include relevant literature, decision support software, and access to one or more central databases of Anopheles biology, ecology, population densities and related climate information in a GIS database for adequate monitoring of the species shifts [31] [32] [33] [34] [35] [36] . Such innovative tools can be used to alert officials on impending outbreaks days or months ahead. Innovative investigations could also be oriented towards developing suitable field tools for monitoring essential characteristics of vector populations for improved understanding of their adaptive capacity with changing climate.
Strengthening internal and cross-border vector surveillance
A step-by-step approach to a regional framework for implementing integrated malaria vector management from the district to regional and Africa wide level is needed [31] . It is essential that countries and regional blocks in Africa establish appropriate plans for deploying an optimum mix of interventions measures. Such a framework will be helpful in guiding member countries in selectively applying the various available vector control tools based on the epidemiological situation, vector bionomics and behavior, and the socio-behavioral characteristics of the community. This might enhance malaria surveillance within a country and in regions and help in case of urgent need for action, to contain the spread of the vectors. Through regular exchange forums and technical consultations it should be possible to identify, share and disseminate best practices in malaria control including the development of projects with crossborder activities to enhance integration and help in developing a strong Africa union.
Research
Research is important in understanding and implementing adaptive measures to climate change in Africa. The knowledge gained through research will contribute in laying a foundation for future planning. An investment by African governments and industries in science and technology development is deemed necessary in order to fulfill their pledges [32] . Potential research areas of focus will include an understanding of: 1) the dynamics of malaria transmission by vector populations and the risk of exposure for human populations in various ecosystems; 2) the factors affecting Anopheles larval survival and mechanisms controlling adult production in aquatic habitats, and 3) the selective forces that cause some mosquitoes like An. gambiae to specialize on humans.
Enhancing information management and knowledge sharing
Information, education and communication are vital means for improving adaptation to Anopheles control; in which case, increased awareness for generations to begin coping with climate change is essential. Teaching the science of climate change in schools may be instituted with a focus on practical skills for the management of climate risks. Dissemination can be facilitated through the media and information tools such as television programmes, short thematic films, brochures, booklets. Special education and Tables 1, 2 training needs may be regularly organized with emphasis on enhancing awareness, stimulating acceptance and active participation of the communities.
Conclusion
This paper estimates in Km 2 and for each African country the absolute change in zone of suitability of the major malaria vectors, An. gambiae and An. arabiensis, under different projected climate scenarios. The potential shifts will have implications for the overall number of people exposed to the malaria vectors and the recrudescence of malaria is likely to be recorded in several new areas and regions. Based on the results, there is a need for developing, compiling and sharing malaria preventive measures, which can be adapted to different climatic scenarios.
